Zinc phthalocyanine 1,641 ongoing and completed clinical trials globally using liposomes, a clinically-accepted class of nanosized drug delivery vehicles that simultaneously encapsulate hydrophilic and lipophilic agents. 3, 4 Figure 1 shows the global demographic of the five largest contributors to clinical trials of both nanoparticles and liposomes to date. The generation of various therapeutic RMS molecules proceeds through two distinct, yet interchangeable photochemical processes: type I reactions that produce radicals and radical ions, and oxygen-dependent type II reactions that produce singlet oxygen ( 1 O2) and oxygen radicals. Both photochemical reactions are initiated from the triplet excited state of the PS; however, radiative relaxation processes of photoexcited PSs give rise to fluorescent (singlet excited to singlet ground state relaxation) and phosphorescent (triplet excited state to singlet ground state relaxation) emission of light. Owing to their fluorescent properties, PSs are inherently therapeutic and diagnostic (theranostic) agents. Figure 2 (B) is a visual representation of the theranostic nature of PS molecules, where photoexcitation results in type I and type II reactions for PDT, whilst concurrently resulting in fluorescence emission that is used for a variety of imaging and diagnostic applications. Although still largely investigational, PNM was an early player in the field of nanomedicine. Visudyne ® , a non-PEGylated liposomal formulation of the PS benzoporphyrin derivative (BPD), was one of the early nanotherapeutics to be approved by the U.S. Food and Drug Administration (FDA) as a first line treatment of age-related macular degeneration (AMD) and is considered an instrumental paradigm of photoactive nanotherapeutics and nanodiagnostics. 8 Clinically, PDT is performed through the administration of a PS or its respective formulation, followed by the timely irradiation of the disease tissue using NIR light that optimally penetrates tissue in wavelength range know as the 'optical window' ranging between 600 nm and 1300 nm. 9 The most effective PSs are those that have been tuned to maximally absorb NIR light within that optical window. Figure 3 is a graphical summary of clinical PDT and describes the different PS formulations that will be discussed in this review in addition to the functional and structural imaging modalities used in conjunction. A representation of the steps taken during a clinical PDT procedure using various PS formulations and the structural and functional information obtained using optical imaging techniques that enables treatment prediction and guidance. Following intravenous administration of the PS, an appropriate PS-light interval is required prior to irradiation using localized NIR light delivery. Through spatially confined PDT action on the tumor, the disease tissue is destroyed. The importance of the photoactivity of nanotherapeutics is not only restricted to their use in phototherapies, but also encompasses multiple parameters that distinguish such PNM formulations from the emerging pool of therapeutics. PNM formulations provide spatiotemporal control in the induction of phototherapy, spatial confinement in the phototriggered release of secondary encapsulated complementary therapeutics, temporal regulation of their respective activity and the combination of multiple theranostic agents that can be hyperspectrally and spatiotemporally resolved. This review will outline recent advancements in PNM formulations developed with respect to imaging-assisted, and rationally designed anti-cancer combination regimens. Efforts from our laboratories and others are universally driven towards achieving a unifying therapeutic and diagnostic (theranostic) nanoparticle represented in Figure 4 . . A schematic diagram of the visionary theranostic nanoconstruct that combines a fluorescence-based theranostic or imaging agent and a therapeutic drug encapsulated within. The surface is grafted with a targeting ligand to enable the molecular selectivity of the theranostic PNM formulation (1). Light activation using NIR light can be used for image-guided therapy (2), photochemical generation of cytotoxic RMS for PDT of the disease tissue (4) and sequential, controlled release of synergistic agents for combinatorial cancer therapy (5).
The envisioned nanoconstruct realizes 1) the capacity to molecularly target tumors 2) the ability to mediate optical diagnostics and dosimetry 3) the selective induction of photodynamic action and 4) the spatiotemporal control of phototriggered release of synergistic anti-neoplastic agents. Progression driving technology closer to this visionary nanoconstruct will be highlighted in this review. The fluorescence properties of PSs are highly effective for a variety of applications that distinguish them from conventional anti-cancer drugs that are formulated as nanomedicines. These include the potential for fluorescence pharmacokinetic (PK) quantitation of tumor PS concentrations, 11 the fluorescence guidance of surgical tumor resection 12 and the online monitoring of PDT dosimetry parameters through rates of PS photobleaching. [13] [14] [15] The preclinical and clinical applications of multi-faceted theranostic PSs and the successive forward-looking PNM formulations will be discussed in greater detail in the Theranostics section. Phototherapeutics are by no means restricted to the photochemistry-based PDT. Other noteworthy modalities exist and are emerging in clinical trials. Though not focused on in this review, photothermal therapy (PTT) plays a role in nanomedicine, such as plasmonic gold nanostructures. 16, 17 There are currently two active clinical trials using plasmonic gold nanoshells, AuroShell ® , for anti-cancer PTT specifically termed AuroLase® Therapy. 18, 19 Requiring significantly higher power densities (W/cm 2 ) than PDT (mW/cm 2 ), the therapeutic response times for PTT ranging in the 10 -3 -1 s timeframe are significantly shorter than those of PDT (1 -10 3 s). 20 Power densities for PDT and PTT can oftentimes overlap when photothermal agents are utilized as mediators for PPT. However, considerable higher concentrations of photothermal agents are required for tissue thermalization with lower power densities, as compared to PDT. PDT is an attractive option when prolonged agent interaction times and a precise spatiotemporal controlled drug release is required. Unlike PTT, an attribute of PDT is the excellent healing process of normal tissue, thus scarring and collateral damage is minimized. The threshold nature of the PDT process also allows for the PS to be present in non-target sites as long as the overall PDT dose can be below the threshold for damage. 21 This enables the illumination of larger volumes of tissue to ensure tumor margin sterilization. Ultimately, a selection of phototherapeutic strategies with distinct modes of action can be employed to address specific clinical needs.
The improved outcomes from many of the now-approved nanotechnology-based therapeutics have encouraged a sustained clinical effort, with several trials ongoing or recently completed. While the clinical advancements discussed here are by no means comprehensive, they will touch on some of the most recent results that highlight the varied capabilities offered by nanotechnology. A specific focus will be made on the nanomedicines requiring additional activation or triggered release, which can be selectively localized to the disease site. Figure 5 is a relatively comprehensive timeline outlining some of these liposomes, polymer and protein-based nanomedicines that have been approved by the FDA and other regional official medical regulatory bodies. The major driving force for the initial nanoformulations of the listed drugs was the improvement in their PK profiles and tolerability upon encapsulation. The developments of advanced nanomedicines to follow were motivated by a number of needs that were unmet by conventional nanoformulations. These include the need for increased control over activity and spatiotemporal drug release, the necessity for selectivity in targeted delivery of agents and the significance of multi-agent co-encapsulation. Highlights and technological advances in the global clinical progression of these multi-faceted 'soft' nanoplatorms will be described in this section. A timeline spanning the late 1990's to date listing the chronological approval and clinical trial status of some lipid, polymer, and protein-based anti-cancer nanomedicines that are being leveraged to improve the PKs, safety profiles, and therapeutic indices of anti-neoplastic agents. The nanomedicines are classified under subgroups that describe the nature and primary utility of the clinical nanomedicines listed. These include nanomedicines that serve to improve drug PKs and safety profiles, to enable the controlled activation and release of therapeutics, to actively target and selectively deliver agents and those that act as a platform for multi-agent co-encapsulation. Visudyne ® , which gained approval in 2000, is currently the only soft PNM formulation which enables controlled light activation. Controlled photoactivation of Visudyne ® using 690 nm NIR light was approved for PDT of AMD, and Visudyne ® -PDT is now showing significant promising in clinical trails for locally advanced pancreatic cancers. 22 In the last quarter of a century, approximately 100 nanomedicine products have been introduced to the market for therapeutic or medical device applications. 23 One of the most noticeable advancements has been in the field of oncology using soft organic nanoconstructs, such as liposomes, micelles, and polymeric and protein-based nanoparticles. 24 The majority of these commercialized nanomedicine products are developed for intravenous injection, taking advantage of the size-and shape-dependent enhanced permeability and retention (EPR) effect in tumor vasculature for 'passive targeting' of solid tumors. More recently, significant clinical efforts have been made to develop targeted nanomedicine that can be activated by external stimuli, such as light, or even administered orally, which is preferred by most patients. 25 Nevertheless, all these nanotechnologies have provided a solution to many hurdles in drug delivery, such as poor drug solubility and stability, suboptimal PK profiles and adverse systemic side-effects, all of which will be discussed in further detail within this review. In the context of PNM, in 2000, the FDA approved the non-PEGylated liposomal BPD formulation, Visudyne ® , for the PDT management of the wet form of AMD. To date, PDT using Visudyne ® has saved the vision of millions of patients with retinal pathologies, and has been shown to work even more effectively using combination strategies. 26 As discussed earlier, the liposomal PNM formulation Visudyne ® pushes the boundaries of typical nanotherapeutics in that it enables the regulation of spatiotemporal control over treatment induction, and thus bears huge clinical potential with regards to the impact this regulated approach can have on combination cancer therapies. 8, 27 The immediate clinical impact of Visudyne ® is further evidenced in the ongoing clinical trials for pancreatic cancers. 22 In our VERTPAC-01 Phase I/II trial, PDT was conducted using Visudyne ® in patients with locally advanced pancreatic cancer. 22 Laser light at 690 nm can be delivered via single or multiple fibers positioned percutaneously under computed tomography (CT) guidance for photochemical activation of Visudyne ® within the tumor interstitium. At 40J, PDT consistently induced 12 mm of necrosis in the tumors with a low incidence of mild adverse events (e.g. abdominal pain and inflammation), thus meeting all endpoints of the study. In the same trial, CT scans prior to and following treatment showed a strong positive correlation between contrast-derived venous blood content and necrotic volume in the tumor. 28 These results suggested that contrast CT could provide key surrogate dosimetry information to assess treatment response and will be discussed further in the Theranostics section. In an earlier clinical study on patients with locally advanced pancreatic cancer, Bown et al. performed PDT using the PS meso-tetrahydroxyphenyl chlorin (mTHPC), that is reconstituted in a mixture of water and ethanol containing polyethylene glycol (PEG). 29 In this study, up to six optical fibers were used to deliver light percutaneously under CT guidance for effective mTHPC-PDT, which had a remarkable 100% response rate and a median overall survival of 9.5 months. More recently, Moore et al. demonstrated that the PS WST-11, a Cremophor ® emulsion of the palladium-bacteriopheophorbide TOOKAD ® , can be used for ultrasonography-guided vascular-targeted PDT of low-risk prostate cancer in patients that have limited therapeutic intervention options. 30 It should be noted that the delivery of light can be achieved in many ways and, in the case of pancreatic cancer discussed above, ultrasound guided endoscopes and fiber optics also provide a conduit for direct light delivery into deep situated tumors. Placement of multiple fibers is also possible for treating large tumors such as glioblastoma. 22, 31 To manage tumors with poorly defined margins or those of disseminated nature, light delivery over large areas is made possible clinically with diffusing tip fibers, balloons and scattering media. 32 To put the growing excitement of the emerging oncological indications of PNM formulations into perspective, the current clinical status of soft nanotechnology that are often used in the building blocks of advanced PNM formulations will be reviewed. Selective tumoral activation of nanotechnology is also being clinically evaluated with Celsion TM 's ThermoDox ® in the Phase III HEAT trial for hepatocellular carcinoma. 33 ThermoDox ® is a PEGylated liposomal formulation designed to thermally release doxorubicin upon radiofrequency ablation (RFA). Results made available from Celsion TM 's press releases indicate that an extended duration of RFA may be critical to improving outcomes, leading to the initiation of a new Phase III trial, OPTIMA, for hepatocellular carcinoma. [34] [35] [36] Although not part of PNM, Doxil ® , a liposomal formulation of doxorubicin must be mentioned in any discussion of nanomedicine, as it was the first liposomal drug to be approved by the FDA in 1995. 3 Doxil ® is approved for the treatment of various cancers including AIDS-related Kaposi's sarcoma, recurrent OvCa and multiple myeloma. 3 A major feature of Doxil ® is the presence of surface PEG molecules that provide the liposomes with a stealth quality. 'PEGylation' protects the inner encapsulating doxorubicin from the external environment, prolongs circulation time to enhance passive tumor drug accumulation, and reduces cardiotoxicity associated with doxorubicin therapy. A more recent advancement in clinical nanomedicine is the FDA approval of Onivyde ® (MM-398, nal-IRI), a liposomal formulation of irinotecan. 37, 38 Approval for gemcitabine-refractory pancreatic cancer in 2015 was granted after the Phase III NAPOLI-1 study demonstrated an improved median overall survival using Onivyde ® in combination with 5-fluorouracil and leucovorin. 37, 38 Besides adding new functionality to existing FDA-approved small molecule chemotherapeutics, liposomal nanotechnology also extends to the delivery of vaccines and of PSs for cancer treatments. 39 Analogous to liposomes, polymer and protein-based nanotherapeutics have also been used to improve the PK and toxicity profiles of common potent chemotherapeutics. 48 Beyond these capabilities, nanoscale complexes, such as liposomes and/or nanoparticles, can also be leveraged for the co-encapsulation of multiple therapeutic agents, which may be mechanistically desirable. These advances in nanoformulations allow the delivery of fixed-ratio drug combinations with unified PKs, along with the option for drug compartmentalization to regulate sequential release kinetics. Furthermore, the potential for cancer targeting and light-triggered drug release may further improve treatment outcomes in cancer. Co-encapsulated nanoformulations of dual agents are already showing promise in human trials. For example, liposomally coencapsulated cytarabine and daunorubicin (CPX-351, Celator Pharmaceuticals TM ), recently completed testing in Phase II studies for acute myeloid leukemia (AML). 49 CPX-351 showed a significantly improved response rate and overall survival from 4.2 to 6.6 months in patients with secondary AML, when compared to patients treated with the standard combination of free cytarabine and daunorubicin. 50 Preclinically, our group recently develop a photoactivatable multi-compartmental nanoconstruct that contains a 'membrane-like' unilamellar liposomal shell for the loading of the PS BPD and a PEG-poly (lactic-co-glycolic acid) (PLGA) nanoparticle core containing an antiangiogenic agent. 51 The anti-angiogenic agent is photo-released within the tumor to synergistically reduce both local tumor burden and distant metastases of pancreatic cancer in vivo. 51 Leveraging the hydrophobic and hydrophilic compartments of folate-targeted liposomes, Morton et al. effectively co-encapsulated both hydrophobic (erlotinib) and hydrophilic (doxorubicin) therapeutics to enhance A459 tumor control in vivo via the dynamic rewiring of apoptotic signaling pathways. 52 Clinical advances have also been made in actively targeted, bioconjugated nanoformulations. Epidermal growth factor receptor (EGFR)-targeted immunoliposomes encapsulating doxorubicin were the earliest targeted chemotherapeutic immunoliposome in clinical trials, demonstrating potent antitumor activity in Phase I studies. 53, 54 Merrimack Pharmaceuticals TM has also developed a human epidermal growth factor receptor-2 (HER-2) targeted doxorubicin immunoliposome, MM-302, for the treatment of breast cancer, which is currently in Phase II trials. 55 BIND Therapeutics TM has also developed BIND-014, a docetaxel PEG-PLGA polymeric nanoparticle targeting prostate specific membrane antigen, which is currently in Phase II trials for prostate cancer and non-small cell lung carcinoma. 56 This nanoconstruct is currently being initiated for an even broader range of indications. These examples of nanotherapeutics, amongst many others emerging for a large variety of oncological and nononcological indications, demonstrate not only the clinical enthusiasm of nanomedicine and PNM but also pave the way for using light-activated, targeted, and combinatorial approaches that improve current drugs previously limited in their efficacy and safety.
Challenges to the clinical translation of photonanomedicine. As discussed in this review, incorporating the PDT approach with nanotechnology allows for the encapsulation of high PS payloads, improved photoactivity and appropriately-timed release and activation of therapeutic agents. As with all parenteral non-PDT nanoconstructs, understanding pharmacokinetics (PKs) of advanced nanoformulations and their respective constituents is fundamental in maximizing their therapeutic efficacy and expediting clinical translation. Each constituent exhibits individually unique PK and toxicology profiles, in addition to different metabolic and physiological clearance mechanisms. Furthermore, their cohesive behavior as an individual entity is distinctly different, as the resultant nanoformulation is essentially a new material. In vivo destabilization and degradation, therefore, results in complex multi-parametric physiological behaviors for each constituent of the nanoformulation. In addition to chemical composition, physical properties of nanoformulations govern the degree of efficacy and toxicity. For example, a 75 nm variant of Doxil ® , was compared to the standard 100 nm formulation and was found to be more efficacious yet more toxic in tumor-bearing mice. 57 By incorporating PS into nanoformulations, PDT using PNM formulations has its own challenges. Whilst one of the advantages that we have mentioned in the body of the manuscript is that light can act as a drug release mechanism, with that comes another challenge in the need for studying new PK parameters of the released drugs. However, despite this additional layer of complexity, preclinical evidence of the efficacy of anti-cancer PNM formulations has been very promising. Unlike nanoformulations of small molecule therapeutics, encapsulated into a nanoconstruct, the physiological effects of advanced PNM formulations are not only restricted to the agent and the nanocarrier properties. PDT with PNM formulations involves the paired use of an administered agent or multiple agents formulated into one or more nanoconstructs, that is activated by an applied optical irradiation. Thus, the clinical approval of PNM formulations is dependent on the regulation of the PS, the secondary therapeutic agents when applicable, the nanomaterials used for their formulation and the light sources for photoactivation. As a result of complex tissue light scattering and attenuation events, NIR light penetration through vascularized soft tissue is limited to approximately 1 cm, thereby necessitating the use of secondary medical devices for the procedure, namely optical fibers. 22, 58, 59 Optical fibers deliver light to deeply situated tumors, overcoming the limitation of light penetration, yet providing an additional regulatory obstacle in the approval of clinical PDT procedures. Clinically, the advances in fiber optic light conduits and image-guided approaches have empowered the applications of PDT that use an interstitial fiber placed directly within deep tumors. Placement of multiple fibers is also possible when treating large tumors, such as pancreatic tumors. 22 For diffuse carcinomas with poorly defined margins, such as disseminated ovarian cancer metastases, light delivery over the large peritoneal cavity surface areas is made possible clinically with diffusing tip fibers, balloons and scattering media. 60 In principle, the approval of novel PNM formulations can be expedited by the use of pre-approved and clinically approved PSs, 61 69 Nonetheless, clinical approval of complex PNM formulations is still a big challenge because each individual formulation will become a different material and full screening becomes critical following any modification. For the most part, downstream manufacture and quality control processes of the constituents comprising the evolving pre-clinical soft PNM formulations discussed in this review are well established in the biopharmaceutical industry. These constituents include liposomes, soft nanoparticles, photoactive nanoformulations and antibodydrug conjugates. Although amalgamations and modifications of the existing PNM formulation constituents will inevitably impact PK/pharmacodynamics (PD), toxicology and efficacy, the existing industrial infrastructure for Good Manufacturing Practice (GMP) scale-up synthesis of these advanced PNM formulations will facilitate and support their Good Laboratory Practice (GLP) toxicology studies and clinical trials. As mentioned in the previous section, one of the early PNM formulations to be approved in the clinic is Visudyne ® and, therefore, there is much optimism for more complex constructs to enter into the clinic. Forward-looking preclinical advances in inorganic PNM formulations, such as nanoscintillators 70 and upconversion nanoparticles 71 51, 72 Therefore, it is believed that PDT is best combined with systemic treatment modalities to maximize both local and distant tumor control. The combination of localized PDT and systemically cytotoxic therapies is also attractive for cancer treatment, which avoids overlapping toxicities and reduces the doses required to achieve the same therapeutic effect. Infrequent undesirable secondary reactions to PDT comprise skin burning, itching, and injection site reactions that include pain, edema, inflammation, extravasation, rashes, hemorrhage, and discoloration. 22, 73 Although most adverse events reported with PDT were of short duration and easily manageable, it is often critical for patients to avoid direct sunlight for 24-48 hours after treatment, depending on the skin clearance rates of the PS and its respective formulation. In contrast to PDT, most chemotherapies and biologics are associated with significant and long-term side effects, such as neutropenia, diarrhea and hair-loss, and patients often require dose reduction or preemptive management. The genotoxicity of DNA-damaging cancer therapies like alkylating agents and radiation therapy is not observed with PDT, as the lack of nuclear localization of most PS molecules confines oxidative damage to the target perinuclear organelles. Unlike external beam radiation, PDT can also be repeated several times at the same site if needed, given that PS selectivity to the tumor is optimal. Moreover, studies have suggested that PDT-induced damage is generally more efficient in the tumor than tissue, thus reducing normal tissue toxicity, regardless of PS selectivity. 29 Reasons for this are unclear, but elevated levels of reactive oxygen species scavengers in normal tissue are suggested. 29, 74 It is becoming increasingly evident that conventional, uninformed PDT using free PSs may not be the most effective choice for cancer management. More sophisticated formulations, combination therapies, irradiation procedures and image-guidance needed to improve the clinical outcome of PDT will also impact the financial costs of the therapy. As with all other treatment modalities, additional pathological factors, such as completeness of response and the need for multiple rounds of therapy, can also influence the total costs. In general, a comprehensive treatment for pre-skin cancers may cost up to $3,500 USD for a series of treatments, and can often be covered by health insurance in the United States. 75 Clinical applications of imaging-assisted PDT can be more precise, effective and less invasive, yet will lead to higher overall treatment costs. For example, clinical endoscopic PDT for early esophageal cancer can cost up to ~$5,000 (USD), which is somewhat higher than the costs of chemoradiotherapy, radiofrequency ablation and cryoablation therapy, which ranges from $1,500 to $3,700 USD. However, compared to standard esophagectomy that costs more than $25,000 USD, endoscopic PDT is considerably more cost-effective, and has a lower mortality rate with fewer major side effects. 75
Theranostics
The concept of combining therapeutics with diagnostics is encompassed in the fairly well-known term, theranostics. PDT is inherently a theranostic modality as the molecules involved are both photochemically active (to achieve the therapeutic effect) and fluorescent (to achieve the diagnostic component). Because of the differences in treatment response observed between in vitro and in vivo systems and because of the high variability among patients that receive the same treatment, the 'one size fits all' approach for PDT is not appropriate. 76 Thus, there is growing interest for developing personalized medicine and adapting the treatment in real time. This personalized medicine is a common goal of all these theranostic applications. Particular to PDT, several strategies may be employed to reach this objective: 1) individualize PDT dosimetry by monitoring PS fluorescence, 2) use the PS fluorescence properties to guide surgery, and 3) monitor the treatment efficiency by involving other imaging modalities, such as CT, magnetic resonance imaging (MRI) or photoacoustic imaging (PAI).
Optically-guided theranostics As mentioned in the introduction, once a PS is photoexcited, it can relax either through intersystem crossing transitions eventually leading to the generation of cytotoxic RMS molecules, or by fluorescence emission that is concurrently exploited for optical imaging. Both pathways are exploited to assess PDT efficiency and perform dosimetry measurements: the singlet oxygen ( 1 O2) generation and the photobleaching of fluorescence of the PS.
a. PS fluorescence and singlet oxygen measurements as dosimetry parameters
Both photodestruction of the PS (photobleaching) during the PDT process and the quantitation of 1 O2 have been proposed as means for patient-customization of PDT dosimetry. Using in vitro experiments performed on AML5 leukemic cells undergoing PDT using 5-aminlevulinic acid (ALA), Niedre et al. demonstrated in 2003 that cell survival was directly correlated with the phosphorescence intensity of 1 O2 emitted at 1270 nm. 77 As a consequence, measuring the intensity of the infrared (IR) emission of 1 O2 in real-time is a direct way of monitoring PDT efficiency and may even aid in predicting treatment outcomes. The 1 O2 IR emission is weak and requires sophisticated imaging infrastructures; therefore, dynamic longitudinal monitoring of 1 O2 generation is particularly challenging in the clinic. A more realistic method of clinically assessing the degree of 1 O2 generation, and thus treatment response, is the dynamic monitoring of PS photobleaching. All PS molecules are subject to varying degrees of photobleaching directly through self-oxidation following irradiation. Jarvi et al. proposed in 2012 an in vitro comparative study investigating two dose metrics: the 1 O2 emission metric, then considered as a gold-standard metric, and the metric for photobleaching of the PS. 14 They demonstrated that a positive linear correlation exists between the administered 1 O2 dose calculated from the phosphorescence counts of 1 O2 relaxation and PS photobleaching measurements. However, they also established that the survival rate is only correlated with the degree of photobleaching as long as the oxygen partial pressure remains above 5 μM. Thus, photobleaching is not a reliable parameter for PDT under hypoxia. In 2014, Mallidi et al. published a clinical comparison between the two metrics on 26 healthy patients subjected to ALA-PDT. 78 The study showed a stronger positive correlation between evolution of erythema (PDT tissue sensitization) and the PS photobleaching induced by PDT than with the 1 O2 phosphorescence emission. With the evolution of better detection systems and imaging modalities, the possibility of monitoring both direct (photobleaching metrics and 1 O2 phosphorescence) and indirect (structural and functional properties of the tumor) treatment prediction parameters will drive the theranostics arena towards patient personalization. Towards this goal, the following sections discuss the current developments in imaging techniques and nanotechnology geared towards personalized therapies using integrated PNM formulations.
b. Advances in imaging and spectroscopy
Outstanding progress has been made from the optical and software development perspective that allow fluorescence based optical-imaging for tumor detection, as well as video-rate intraoperative image-guided surgery. 12 Reaching this level of complexity requires an improvement in fluorescent imaging modalities that face several challenges that include high tissue autofluorescence background levels and the complexity of deconvoluting chromophores with considerable spectral overlap. NIR excitation of PSs could be used for imaging, as it is less likely to induce autofluorescence, whilst narrow filters may also be employed to improve spectral separation. However, none of these solutions fully resolve the problem of PS spectral overlap with autofluorescence. 79 Hyperspectral imaging has thus been introduced in an effort to overcome this hurdle in PS imaging. The principle is based on the unmixing of several spectra following the acquisition of emitted light in each pixel to resolve and identify the fluorophores contributing to the resultant combined emission profile. The systems that have been developed allow the spectral deconvolution of chromophores that are separated by just a few nanometers. 80 Mansfield et al. illustrated the basis of hyperspectral imaging by successfully unmixing the spectra emitted by five quantum dots, all characterized by a different emission profile. Each distinct quantum dot was conjugated to different markers that bind to different cellular components including the mitochondria, microtubules, proliferation marker Ki-67, nucleus, and actin. The five colors were successfully unmixed and a map representing the spatial distribution of each quantum dot marker, and thus each cellular component, was compiled.
Developing cutting edge-technologies such as hyperspectral imaging leads to the improvement of fluorescence imaging techniques that can be used for several purposes including fluorescence imaging for theranostics and image-guided resection. In fact, surgery remains the primary treatment for the majority of solid tumors, which requires complete resection to ensure a positive prognosis. Although the peripheries of some tumor types are welldefined and do not require the precautionary extraction of additional seemingly healthy tissue, other diffuse tumor types, including metastases, are more difficult to differentiate from normal tissues, or reside adjacently to crucial structures. Therefore, the accurate delineation of precise tumor margins is required to achieve more complete resections. Sensitive optical imaging techniques, such as fluorescence imaging can thus guide surgery. The clinically-approved extrinsic fluorophores indocyanine green (ICG) and fluorescein sodium are examples of florescence contrast agents that have been frequently used to assist intraoperative dissection. 81 More specifically, the endogenous PS protoporphyrin IX (PpIX) that accumulates in tumor tissue upon administration of the clinically-approved precursor, ALA, is currently in multiple clinical trials for assisting the resection of gliomas. 82 As shown in Figure 6 , the white light images and PpIX fluorescence images acquired intraoperatively from a patient with glioma are contrasted to emphasize the powerful advantage of fluorescence imaging for increasing the accurate tumor detection and boundary delineation for surgical guidance. The field of fluorescence-guided surgery is less well-established, as compared to other imaging modalities. However, it has recently made outstanding strides in the clinical arena, mainly to precisely delineate tumor margins and for advancing real-time NIR PSs image processing techniques during surgical procedures, as comprehensively reviewed by Elliott et al. 12 During a Phase III clinical trial, image-guided tumor resection was performed following ALA administration on 322 patients with malignant glioma. 84 It was observed that the resection was complete for 65% of the patients operated on under fluorescence image-guided surgery, as compared to 36% for patients operated on with white light surgery. 84 Utilizing the inherent photosensitizing capacity of PSs used for fluorescence-guided resection, intraoperative PDT treatment can be used to eliminate the residual disease following surgery. 32, 85 In a single-center Phase III trial on 27 glioblastoma patients, fluorescence-
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guided resection and post-operative PDT using a secondary administered PS doubled survival of patients, as compared to surgery performed under white light followed by radiotherapy (52.8 vs. 24.6 weeks, respectively). 32 Fluorescence-guided resection is also widely investigated for bladder cancer. It has been shown in several Phase III clinical trials that PS fluorescence-guided resection is significantly more complete than following white light cystoscopy. These different results were reviewed by Jocham et al. 86 In addition to being used to guide resection, the fluorescence may also be used to diagnose or detect small nodules and metastases diffusely disseminated. For example, Zhong et al illustrated the ability to image the in vivo fluorescence signal of Visudyne ® injected into the peritoneum of a mouse with disseminated micrometastases of human ovarian carcinoma (OvCa) using a high-resolution fiber optic microendoscopy modality. 87 They demonstrated that this method could be quantitative and that the signal intensity is proportional to the area of the nodules disseminated throughout the peritoneal cavities, thus enabling the longitudinal fluorescence-guided monitoring of treatment response. Some PS molecules require strategies to enhance their selectivity by directing them to biomolecules or membraneassociated enzymes that are over-expressed on tumor cells or by manipulating cancer-activated metabolism pathways. 12, 81 In 2011, van Dam et al. reported the first clinical utility of targeted tumor-specific intraoperative fluorescence imaging of OvCa to improve disease staging in vivo and to maximize the extent of radical cytoreductive surgery. 88 OvCa, 90-95% of which overexpress folate receptor-α, was targeted using a folate conjugate of fluorescein isothiocyanate, that could be expanded to the use of fluorescent PS conjugates. Selective theranostics using PSs have also been demonstrated preclinically using benzoporphyrin derivative (BPD) PS molecules conjugated to the anti-EGFR antibody, Cetuximab. The Cetuximab-BPD conjugates, termed photoimmunoconjugates (PICs), have been employed for the targeted imaging and PDT of non-resectable micrometastases of OvCa disseminated throughout the peritoneal cavity. 11 As presented in Figure 7 (A), the PICs also enabled longitudinal fluorescence microendoscopic imaging of the remaining disseminated OvCa tumor burden following cycles of tumor-targeted activatable photoimmunotherapy (taPIT). The modality also provided robust in vivo quantitation of the imaged tumor burden (Figure 7 (B) ). The details and advancements of targeted PDT using PICs and the taPIT approach will be further described in the Acquiring selectivity section. Ultimately, advanced tumor-selective PNM formulations will be utilized in the same manner, where the fluorescence properties will provide the accurate delineation of tumor margins to aid surgical resection, and for the detection and photodynamic elimination of microscopic disease. Substantially prolonged circulation times of PNM formulations, as compared to free PSs or biological conjugates of PSs, will inevitably result in longer times
required to attain maximal tumor-to-normal ratios. Thus, careful investigations in PKs and tumor selectivity will be critical in identifying the optimal times required to utilize the full potential of the theranostic PNM formulations.
Other imaging modalities Theranostics also has a broader application and in this context, therapies such as chemotherapy, radiation therapy (RT), PDT or PTT can be combined with different clinical imaging techniques that include MRI, CT, positron emission tomography (PET) and NIR fluorescence. 76 As a platform for the combination of therapeutic agents with imaging agents, organic carriers such as liposomes, polymers or micelles 90 have been heavily investigated. In addition, inorganic nanoparticles, such as mesoporous silica nanocomposites, have also been utilzed because of their biocompatibility and their high capacity for agent loading. [91] [92] [93] Two types of nanodots have also been explored in the context of theranostics: quantum dots [94] [95] [96] and carbon nanotubes, 97 both which are utilized as photoactive nanocarriers and as visible and NIR fluorescence imaging agents. Inorganic nanoconstructs such as iron oxide nanoparticles have also be functionalized with drugs to combined MRI with a therapeutic agent. [98] [99] [100] Significant interest has developed over the prospects of nanomaterials that intrinsically behave as both image contrast agents and as nanotherapeutics. One of the most prevalent examples is gold nanoparticles that, in addition to being physiologically inert, can be used as imaging agents that enhance the contrast of CT 101 and surface enhance Raman spectroscopy (SERS) imaging modalities. 102 Furthermore, gold nanostructures have also been shown to behave as efficacious therapeutics, such as radiosensitizers for RT, 103, 104 nanoparticulate carriers of PSs for PDT 105, 106 and as photothermal agents for PTT. 17, 106 Gadolinium-based nanoparticles have similarly drawn such attention for their ability to improve the efficacy of RT, whilst simultaneously enhancing MRI contrast, and thus allowing for the development of MRI-guided RT theranostic nanoconstructs. 107 a. Photoacoustic imaging to predict PDT efficiency In addition to being fluorescence contrast agents, PSs are also effective photoacoustic contrast agents. PAI, a 'lightin, sound-out' modality provides 3D optical absorption properties of the tissue being imaged at penetration depths that are significantly deeper than fluorescence imaging. Recent work by Mallidi et al. 108 and Ho et al. 109 showcases the ability of PAI to monitor PS tumor uptake and directs towards the ability to personalize dosimetry based on the PS concentration at the target site. As an alternative method to assess PDT efficacy without using PS photobleaching or 1 O2 luminescence, PAI can also quantify changes in blood oxygen saturation levels induced during PDT by 1 O2 generation. A recent preclinical study utilized PAI to highlight the critical role of tumoral oxygen saturation levels for monitoring responsiveness to PDT. 111 It was demonstrated that oxygen saturation evolution matched the tumor volume evolution and, as a consequence, was a reliable marker for PDT efficacy that could be studied non-invasively. For a PS-light-interval of 1 hour, oxygen saturation reduced to approximately 94% of the pre-PDT levels at 6 hours following treatment and increased by approximately 9% 18 hours later. In this same study, a threshold for oxygen saturation measured 6 hours and 24 hours post-PDT was established to predict tumor recurrence. Therefore, PAI could provide critical image guidance parameters when used in synchrony with PNM formulations to quantitatively monitor tumor uptake, assess the extent of the tumors response to PDT, and thus inform further cycles of therapy.
b. Computed tomography to monitor PDT
It has recently been demonstrated by preclinical and clinical studies that CT, a standard-of-care imaging method, may be used to predict the PDT dose required to treat patients with non-resectable pancreatic cancer. 28 CT remains the most widely used modality to diagnose and follow the evolution of pancreatic tumors. Aside from being a reliable method to predict PDT efficiency, this protocol has the unique advantage of potentially limiting the number of procedures that patients undergo. It is an X-ray based imaging technique based on the difference of Xray absorption coefficients of body constituents, such as bone, tissues, and vasculature. CT contrast is usually enhanced using iodine solutions, a high Z-number element that locally increase X-ray absorption. 112 Elliott et al. published a preclinical study performed on rabbit orthotopic pancreatic cancer that compares several tumor controls such as blood volume, blood flow and vascular permeability surface area obtained from CT images. 113 They emphasized that blood volume may be a determinant of treatment response because the lower it is, the lower the PS dose delivered. This pre-clinical study highlighted the potential of CT imaging to map the PDT dose, driven by the light attenuation in tissues. Jermyn et al. recently proposed a clinical study performed on 15 patients with locally-advanced adenocarcinoma that aimed to prove the potential of using CT imaging to predict PDT efficiency and thus adapt the treatment protocol. 28 In this trial, pre-treatment and post-treatment contrast-enhanced CT scans were used. Venous blood volumes were calculated for each patient using the pre-clinical CT and then compared to the necrotic volume induced by the PDT measured using the post-treatment CT scan. The CT-derived venous blood content highly correlated with the necrotic volume normalized to the PS dose. The findings indicated that a pre-treatment CT scan may allow the prediction of the necrotic volume after PDT and, as a consequence, may inform the total PDT dose required, individualized to each patient. This clinical study corroborates the previous assumption that blood volume is a limiting factor to the effective PDT dose administered. The utility of this standard-of-care procedure could be expanded to predict patient response to PDT using parenteral PNM formulations and subsequently guide the personalization of the treatment.
c. Cerenkov emission imaging to monitor RT and PDT
Cerenkov luminescence imaging is a less common, state-of-the-art bioimaging technique currently being developed to monitor treatments such as RT, and can potentiate and guide PDT using forward-looking PNM formulations. Cerenkov imaging has recently gained substantial clinical interest with particularly strong implications in quantifying the effective dose of ionizing radiation deposited during RT. 114, 115 Cerenkov optical emission spanning the UV-Visible spectrum is generated by charged particles in a dielectric medium travelling faster than the phase velocity of light in the same medium and can activate nearby PSs localized at the site of RT treatment. 115, 116 Recently, the proof-of-concept of video rate Cerenkov imaging was presented, providing real time insight to the effective three-dimensional radiation dose deposited during RT, as illustrated in Figure 8 . 117 Although the proof-ofconcept was proposed for RT of breast cancer, this dosimetry protocol may be expanded to combination treatment regimens that combine RT with PDT, providing more precise, complete and tolerable irradiation procedures. Axelsson et al. showed that Cerenkov emission is sufficient to activate the fluorescence of a PS, PpIX, although studies investigating the PDT efficacy of PSs activated using Cerenkov emission from external radiation are pending. A) The beam's-eye-views of the applied RT fields. The blue lines refer to the multi-leaf collimator that blocks the radiation from these areas. B) The surface projection on the skin from the posterior oblique portion to be irradiated. C) Cerenkov luminescence images during RT of the posterior oblique field. The areas with the highest intensity correspond to the tissue receiving the highest effective radiation dose. Reprinted from International Journal of Radiation Oncology, 89(3), Jarvis et al. 117 Cerenkov video imaging allows for the first visualization of radiation therapy in real time, 615-622. Copyright (2015), with permission from Elsevier.
β-emitting radionuclides used for PET imaging have also been known to exhibit high yields of Cerenkov emission, without the need for external activation using ionizing radiation. 118 Katogiri et al. recently proposed the use of Cerenkov radiation from a β-emitting radionuclide to activate type I photochemical reactions for PDT. 119 In this study, the authors reported the use of 64 Cu, a radionuclide clinically used for PET imaging, to excite photocatalytic titanium dioxide (TiO2) nanoparticles through its simultaneous emission of Cerenkov radiation. This pre-clinical study demonstrated the potency of the PDT combination treatment in that tumor volumes were reduced below the detectable range when TiO2 NPs were used in combination with 64 Cu. However, tumor volumes remained approximately 400 mm 3 when TiO2 nanoparticles were used in conjunction with non-radioactive Cu, approximately 550 mm 3 when 64 Cu was used alone, and remained above 650 mm 3 in the no treatment controls. Coencapsulation of a β-emitting radionuclide with a PS in a combined novel PNM construct may promote spatiotemporally-controlled, Cerenkov-induced photodynamic activation of the PDT agent held its immediate vicinity. Furthermore, PET imaging using β-emitting radionuclides typically contrasts tumors by providing functional information, such as glucose metabolism and oxygen consumption, both critical parameters that can simultaneously monitor the extent of PDT treatment response in real time.
Although in the early stages of discovery, deep tissue PDT activation using localized Cerenkov emission provides clinically valuable advantages of either exogenous induction by ionizing radiation during RT or endogenous activation using PET probes, which can be used in concert with common clinically-accepted imaging modalities. Although PDT activation using Cerenkov radiation from β-emitting radionuclides simplifies the clinical procedure required with externally activation RT and the critical irradiation parameters associated with it, the spatial selectivity for PDT activation is entirely lost. Cerenkov-mediated PDT using an integrated PNM formulation containing a β-emitting radionuclide and a PS becomes a systemically active treatment modality, where the PK of the nanoconstruct governs induction of toxicity. Toxicity of the liver, spleen and other organs where nanoparticles tend to accumulate is likely to be observed, and therefore, tailoring size and surface properties of the PNM formulation becomes even more critical. Additional modalities utilizing the unique inherent photoactivity of novel nanoconstructs to overcome the limited penetration of light through tissue rely on their direct interaction with deeply penetrating ionizing radiation or NIR light. Photoactive inorganic nanocrystals, such as upconverting nanoparticles 71 or nanoscintillators, 70, 121 respectively, are emerging as advanced deep-tissue PNM formulations, when combined with PSs to locally produce RMS at anatomical sites typically inaccessible to external photoirradiation. Because of the clinical implications of Xrays of NIR light, 122 currently used for imaging and RT, these nanocrystals exhibit theranostic properties when combined with therapeutic PSs. When excited with ionizing radiation, scintillation nanoparticles emit light spanning the UV/visible/NIR spectrum and can thus internally activate associated PS with wavelengths of light typically inaccessible at such tissue depths. 70 Similarly, upconverting nanoparticles absorb NIR light that penetrates tissue deeper than visible wavelengths and locally upconvert it to shorter wavelengths that efficiently excite associated PS molecules. 71 Moreover, inorganic metal nanoparticles, such as gold nanoparticles, may elicit an inherent therapeutic effect including PTT or radiosensitization during RT, and their contrast-enhancing imaging properties can potentiate image guidance using CT. The diverse selection of nanomaterials provides a highly attractive pool of potential theranostic platforms; however, each nanomaterial can carry its own health risks and its clinical progression depends on the stringent investigations required to rule out immediate hazards or adverse health effects due to prolonged exposure. These concerns are more prominent when investigating inorganic nanomaterials composed of heavy metal atoms (noble metal nanoparticles), iron compounds (magnetic fluids), rare-earth metal compounds (up-converting and scintillating nanoparticles), inorganic oxides (silica, titania and zinc oxide nanoparticles) and transition metal composites (quantum dots). This concern is directly evident by the fact that currently, Feraheme ® , a polyglucose sorbitol carboxymethylether-coated iron oxide nanoparticle formulation, is the only remaining approved inorganic nanotherapeutic following the withdrawal of four previously-approved nanoformulations. 123 Although the reasons for their withdrawal were ambiguous, a warning emphasizing potential adverse immune reactions to Feraheme ® was released by the FDA in 2015. As a consequence of the delay in the clinical translation of inorgnainc nanomaterials, this review will mainly focus on the advancement of nanoscale therapeutics and diagnostics composed of organic, biodegradable materials that are currently in clinical use. An important unanticipated feature of nanoparticle encapsulation of PSs for their improved water solubility is the significantly increased selectivity for tumor tissue. For instance, Reddi et al. were among the first to explore liposomally encapsulate zinc phthalocyanine (ZnPC) and its drug delivery in vivo. Following the injection of 0.5 mg/kg -1 ZnPC in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes, tumor tissue accumulated relatively high levels of ZnPC (0.6 µg/g), compared to <0. 1 ug/g in the muscle tissue surrounding the tumor 24 hfollowing intravenous administration. 124 Given that PNM formulations can also improve the PS selectivity for tumor tissue, a variety of different types of nanocarriers have been investigated for the encapsulation of hydrophobic and hydrophilic PSs. Among the most studied are liposomes, (polymeric) micelles, and polymeric solid-lipid nanoparticles. 125, 126 Many other investigators have reported that these PNM formulations also improve the tumor-to-normal ratio of PS in vivo, as summarized in Table 1 . [127] [128] [129] The increased propensity of nanoparticles to accumulate at the tumor site is primarily effectuated by the EPR effect. The EPR effect is the result of the high metabolic demand of the proliferating tumor mass and the resultant aberrant fenestrated angiogenic vasculature that rapidly form, in addition to poor lymphatic drainage of the tumor interstitial fluid. 135 The EPR effect allows for the extravasation of high-molecular weight plasma components, and can be exploited by nanocarriers of anti-cancer drugs. 136 In order for nanocarriers to fully utilize the EPR effect, a steric barrier that reduces non-specific nanoparticle-protein interactions is crucial to achieve prolonged systemic circulation times. Steric stabilization of nanocarriers with hydrophilic barrier molecules, such as PEG that grants stealth-like properties to nanocarriers can significantly reduce absorption by the liver, kidney, spleen, and the reticuloendothelial system (RES). 137 Thus, PEGylation enhances the extent to which the nanoparticles extravasate at the tumor site. For PDT specifically, BPD-containing liposomes that were sterically stabilized with palmityl-Dglucoronide exhibited prolonged circulation times and increased the therapeutic efficacy of the PS, in comparison to treatment with either free BPD or non-sterically stabilized liposomal BPD. 129 PNM formulations utilized for nonphotochemical PTT applications have also been formulated in a similar manner using identical steric stabilization approaches. An interesting advancement in the field of thermal PNM formulations is the development of the porphysome, a self-assembled nanovesicle consisting of porphyrin-conjugated phospholipid bilayers that was pioneered by Lovell et al. and was PEGylated to improve steric stability. 138 Due to the high proximity of the individual lipidated porphyrin molecules within the porphysome bilayer, the chromophores exhibited up to 1500-fold fluorescence quenching and were capable of inducing phototheramlization at levels comparable to gold nanorods. The photoacoustic effect that is concurrent with photothermalization was also leveraged for imaging using PAI. Furthermore, the unique structures were expanded to pyropheophorbide, zinc pyropheophorbide and bacteriochlorophyll porphysome variants. Doxorubicin was also encapsulated within the porphysome to yield a photothermal iteration of Doxil ® . Aside from steric stability and stealth-like properties, appropriate sizing of nanocarriers is essential for the efficacy of a nanosized drug delivery platform. Sterically stabilized liposomes smaller than 70 nm were shown to be retained by the liver, 139 whereas liposomes larger than 220 nm were effectively taken up by the spleen. 140 As such, it was demonstrated that PEGylated liposomes with sizes between 160-220 nm exhibited the longest circulation times in vivo. 140 With respect to exploiting the EPR effect for tumor-specific delivery, the vascular fenestrations of tumor-associated vessels are approximately 100-600 nm in diameter. 141 In comparison, healthy vasculature typically displays fenestrations smaller than 10 nm in diameter. 142 Thus, tuning the nanocarrier size within the range of 160-220 nm in diameter will result in optimal circulation times and maximal global tumor drug delivery. These physiological characteristics of tumor vasculature can inform the design on nanocarriers, although many factors will influence the success of nanotherapeutics, which include tumor penetration and cellular internalization. These factors include nanoparticle size, formulation material, PEG density, geomentry and electrostatics, all of which must be independently tuned in concert for a given newly-developed PNM formulation. b. Tailoring tumor physiology to nanomedicines using photochemistry Given that the abnormal and leaky tumor vasculature contributes to tumor growth and disease progression, there are currently ongoing investigations geared towards the normalization of the vasculature with the aim of inhibiting disease progression. 143 For instance, a recent study by Chauhan et al. reports on the normalization of the abnormal tumor vessels by blocking vascular endothelial growth factor receptor-2 (VEGFR-2) signaling in angiogenic vascular endothelial cells. 144 With respect to nanomedicine, it was shown that vessel normalization reduced the size of the vascular fenestrations and hindered the delivery of 125 nm quantum dots, whilst improving tumor penetration of 12 nm quantum dots. 144 Vascular normalization is an example of how modulating the tumor physiology can enhance the homogenous intratumoral distribution and, subsequently, the therapeutic index of small molecular weight drugs and nanoparticles. 145 Conversely, the expansion of tumor vascular fenestrae and vascular permeablization has been achieved by the controlled photochemical activation of a PS when confined to the intravascular space; a phenomenon reported early on by Henderson et al. 146 and many others. 6, [147] [148] [149] [150] At sufficiently low PDT doses, vascular PDT (vPDT) has been shown to further enhance the EPR effect and to improve the extravasation of nanomedicines into the tumor. Low-dose vPDT using the PS BPD was specifically shown to enhance the EPR effect in an orthotropic rat prostate cancer model. 147 The tumor uptake of 2,000-kDa FITC labeled dextran particles was enhanced following BPDinduced vPDT with a short 15 min PS-light interval. More recently, ferritin protein nanocages loaded with the ZnF16Pc PS and surface functionalized with RGD peptide were developed by Zhen et al. (Figure 9 ). 151 These actively targeted nanoparticles, referred to as P-RFRT, selectively bound to αvβ3 integrin receptors on endothelial cells in the tumor vasculature. The irradiance was optimized to 14 mW/cm 2 (50-300 mW/cm 2 is used for conventional PDT) for the maximal EPR enhancement, with minimal collateral toxicity to the tumor vasculature. Following P-RFRT-mediated vPDT, enhanced tumor accumulation of varying sized cargoes, such as albumin, quantum dots and iron oxide nanoparticles, was demonstrated in multiple xenograft tumor models. Efficacy studies were carried out under the same vPDT conditions followed by administration of Doxil ® in a 4T1 tumor model. Importantly, controls studies with in animals treated with P-RFRT-mediated vPDT alone showed tumor growth rates similar to saline treated animals, confirming the absence of PDT-related tumor damage. In contrast, animals treated with P-RFRT-mediated vPDT followed by Doxil ® treatment experienced a potent tumor-growth inhibition of 85.9%, a 75.3% improvement in efficacy over treatment with Doxil ® alone. The tumor vasculature varies considerably between different cancer types and can influence the outcome of vPDT. 150 Araki et al. employed a porphyrin-based PS loaded within PEG-poly(lactic acid) nanoparticle (PN-Por), to increase vascular permeabilization, which was subsequently followed by chemotherapy using liposomal paclitaxel (PL-PTX). 152 The study was performed in murine models of a colon-26 adenocarcinoma (C26) and a B16BL6 melanoma, which vary considerably in their vascular composition and permeability. In the C26 tumor model, PNPor-mediated vPDT itself caused considerable tumor damage via endothelial cell apoptosis; however, the subsequent PL-PTX regimen did not improve outcome. Conversely, in the B16BL6 model, vPDT enhanced diffusion of PL-PTX into the tumor core and enhanced the efficacy of PL-PTX treatment. The reason for this differential vascular response between the two tumor models was associated with pericyte coverage and vessel diameter. Thus, the overall applicability of vPDT to enhance EPR based nanoparticle accumulation depends on the precise control over light dosage, a better understanding of the different innate microvasculature of tumors and on the continued development of tailored vasculature targeted nanoparticles. An additional physical barrier in the tumor microenvironment is the stroma. The role of the tumor stroma in cancers, such as pancreatic cancer, has become increasingly regarded as a significant hindrance to drug delivery. 153 It has been found that a dense avascular tumor stroma prohibits drug diffusion throughout the tumor tissue. 154 In this respect, photochemical approaches may be utilized to improve the delivery and diffusion of cancer therapeutics by disrupting the rigid stromal barriers. With the use of 3D culture models, it is known that pancreatic and ovarian tumor spheroids that develop in an extracellular matrix become increasingly insensitive to chemotherapeutic agents. 155 However, neoadjuvant PDT was shown to resensitize the spheroids to chemotherapy by disrupting the nodule's three-dimensional architecture. 155, 156 As such, integrating photochemistry into nanomedicines may ultimately enable the use of forward-looking PNM formulations that can enhance their own delivery into tumors using the assistance of vPDT and even throughout the stroma.
Photochemistry and nanomedicine: meeting unmet clinical needs
Limiting Toxicity Even though PDT is largely non-toxic in the absence of light, there are some toxicological issues associated with the therapy. PSs that are systemically administered in free form typically accumulate at high concentrations in the liver, spleen, lungs, and kidneys. [157] [158] [159] The effective absorption of the PS by these organs potentially reduces the overall amount of PS that can accumulate at the tumor site, ultimately requiring higher drug concentrations to achieve the desired effect. Although the near lack of toxicity in the absence of light constitutes a major benefit of PSs in relation to other cancer therapeutics, PS accumulation in the skin has been a prominent adverse event associated with early PDT agents that lead to skin toxicity and ethical considerations regarding the quality of life of terminally ill patients. 160 However, the later 'second generation' PSs have minimized these initial problems with skin phototoxicity. In contrast to conventional drugs, where the need for formulation has been driven by nonspecific toxicity, the motivation of formulating PS is often a lack of solubility. Nanoformulations that enhance the solubility and molecular monomerization of PS in physiological environments can thus maximize their photoactivity in vivo. With respect to PDT, several liposomal formulations containing the PS mTHPC, also known as temoporfin or Foscan ® , have been developed by Biolitec Research GmbH TM . These include a conventional liposomal formulation (Foslip ® ) and a PEGylated liposomal formulation (Fospeg ® ). The PDT efficacy of both formulations was superior to that of the free PS. 161, 162 With respect to tumor selectivity, Fospeg ® had significantly faster tumor accumulation kinetics and a higher tumor selectivity in comparison to Foslip ® . 163, 164 These results illustrate the significance of steric stabilization with respect to the efficiency of drug delivery and to the potential for reducing off-target phototoxicity with PS nanocarriers. Reducing the toxicity has been employed extensively for cancer therapeutics so as to reduce the morbidity of these treatments. A fundamental paradigm for reducing toxicity using nanoparticule encapsulated drugs is Doxil ® . This formulation contains high intraliposomal doses of doxorubicin, and was primarily developed to address the need for reducing the drug's cardiac toxicity. Liposomes with high concentrations of doxorubicin, and their EPRmediated accumulation in tumor tissue following systemic injection led to the slow release of doxorubicin at the tumor site. This nanomedicine showed an improvement in drug delivery and therapeutic efficacy, while significantly reducing the adverse toxicity. 3 Photochemistry can play a unique role in providing an additional method for reducing toxicity of diagnostic and therapeutic agents by facilitating the controlled drug release from nanocarriers specifically at the site of the tumor. By using a PNM formulation co-encapsulating both photosensitizing and therapeutic agents, which preferentially accumulates at the tumor site, subsequent irradiation of the lesions results in the oxidative release of the adjuvant therapeutics from the nanocarrier. While the PNM formulation encapsulation shields the drug from systemically exerting its effects, the spatiotemporal controlled phototriggered release upon irradiation confines the toxicity of the drug to the irradiated site. This technique has been successfully applied by Spring et al., who showed that XL184 (cabozantinib, Cometriq ® , a c-MET and VEGFR-2 inhibitor) entrapped in a polymeric nanoparticle, further encapsulated in photoactive lipid layers, was effective at a dose that was 1000-fold lower than the total dose of free XL184 administered. 51, 165 Limitations in cellular uptake Once agents reach the target tumor tissue, another barrier to achieving their anti-neoplastic effect is the hurdles they encounter upon attempting to enter the cell. Cancer cells have evolved multiple mechanisms to evade chemical insult, the first of which are transmembrane efflux transporters, such as P-glycoprotein and ATP-binding cassette transporters (ABCs). In this context, some nanoparticles have drawn particular interest as they can evade transporter efflux of their therapeutic payload by delivering the drugs intracellularly through alternative endocytic pathways. Xu et al. presented a comprehensive and focused review on the mechanisms through which drugencapsulating nanoparticles, termed nanotransporters when used for this specific role, evade common drug efflux transporters that give rise to multi-drug resistance in a variety of cancers. 166 However, although nanoparticles can increase intracellular delivery of cytotoxic and cytotstatic agents, endosomal escape of these agents into the cytosol to perform their function can oftentimes be a second barrier that has been addressed by a photochemistry-based intervention termed photochemical internalization (PCI). Pioneered by the team of Dr. Kristian Berg in 1995, PCI utilizes low PS and light doses that are only sufficient for the selective disturbance of endosomal membranes, resulting in cytosolic release of the endosomal therapeutic contents. 167, 168 PCI using the PS aluminium phthalocyanine disulfonate and bleomycin as the therapeutic agent, has been reported to improve the destruction of the peripheral margins of a human TAX-1 xenograft model, as compared to PDT when applied before external beam radiotherapy. 169 The technique has rapidly progressed into the clinic and the first clinical trial using the PS tetraphenylchlorin disulfonate (Amphinex ® ) and bleomycin as the active chemotherapeutic for cutaneous cancers was completed in 2009. 170 Currently, a Phase I/II trial using the PS Amphinex ® and gemcitabine as the chemotherapeutic for the treatment of inoperable cholangiocarcinoma is ongoing. 171 Recently, an elegant study reported the efficacy of haematoporphyrin-mediated PCI for the cytosolic delivery of camptothecin encapsulated within PEG-polyacetal block copolymer nanoparticles that were labile to both acid hydrolysis and photolysis. Photoirradiaton mediated the release of camptothecin from the nanoparticle as well as the endosomal compartment, and enhanced the phototoxicity of HeLa cells by up to 40%, as compared to the irradiation of cells incubated with a combination of free PS and camptothecin. 172 Understandably, PCI requires a delicate balance in the PS and light dosimitery parameters, which if they exceed a certain PS and light threshold, induce PDT tissue damage. Furthermore, it is probable that varying degrees of PDT and PCI can simultaneously occur during the irradiation of the same tumor as a result of the complex light scattering profiles throughout tissue. Thus, a definitive distinction between the two photochemical modalities can often be challenging in vivo.
Acquiring Selectivity
The concept of tumor-targeted therapeutics has been pursued since Paul Ehrlich's proposal of the 'magic bullet', which comprises of a targeting moiety conjugated to a cytotoxic agent. 173, 174 Antibody conjugates therefore represent an early version of nanomedicine agents. This vision is realized with antibody-based platforms such as immuno-toxins 175, 176 and antibody-drug conjugates (ADCs). [177] [178] [179] [180] [181] Lately, the field of ADCs has rapidly expanded following the FDA approval of Brentuximab vedotin and Trastuzumab emtansine, as well as the continued clinical development of several candidates. 182 Parallel to ADCs, PSs have been conjugated to antibodies to form PICs. 183, 184 Following seminal work by Levy et al. [185] [186] [187] many examples of PICs have been reported by us 11, 188-198, 199 , 200 and others, 184, [201] [202] [203] [204] [205] where biological conjugates of PSs have been deployed as tumor-targeted agents for photoimmunotherapy (PIT) over the past three decades. While conceptually similar to ADCs, PICs present several additional advantages. In addition to antibody targeting, PICs afford a second level of selectivity by focused delivery of light to activate PDT mediated cytotoxicity only in the tumor microenvironment. Unlike ADCs, the inherent fluorescence property of the PS allows optical imaging, thus enabling various diagnostic modalities as discussed in the Theranostics section. 11, 201, 206 ADCs and immuno-toxins, antibody conjugates of toxins, require cellular internalization followed by cytosolic release of the cytotoxic cargo, often requiring elaborate endosomal escape strategies. In contrast, PIT does not necessarily require internalization of the PIC and can kill cells even whilst being localized to the cell surface. 89, 207 PICs are able to realize mechanistically distinct features of PDT such as its ability to sensitize chemo-resistant cancer cells 156, 208 and elicit the bystander effect to extend toxicity to neighboring supporting cells beyond the primary cancer cell target. [209] [210] [211] Despite these promising features and tremendous efforts there are currently no FDA approved PICs. Goff et al. employed primary cells obtained directly from patient tissues, spanning multiple cancer types and stages of resistance, to develop various PICs. 196 The authors reported the use of a murine antibody, OC-125, which recognizes the cell surface antigen CA 125 expressed by 80% of non-mucinous human OvCa. The PS chlorin e6-monoethylenediamine monoamide (CMA), linked to a poly-glutamic acid polymer, was site-specifically conjugated to oxidized carbohydrate residues of OC-125 to form an anionic PIC. This anionic PIC was also tested ex vivo in ascites or pleural fluid cells from 15 patients with ovarian and non-ovarian cancers. Viability studies in these mixed-cellular models exerted a selective PDT efficacy in OvCa cells over non-ovarian cancers. The killing of noncancer cells was attributed in part to the bystander effect of PDT. Importantly, OvCa cells from end-stage drugresistant patients also showed a significant response to the PDT. These chemoresistant cells often lack crossresistance to PDT. In fact, sublethal doses of PDT can be used to resenstize drug resistant cancer cells to chemotherapy. These encouraging results prompted explorations on the combination of PICs with traditional chemotherapy agents, which otherwise would be sub-optimal in drug-resistant cancer cells. Such mechanistically non-overlapping combinations of PDT with chemotherapy could overcome chemoresistance and potentially exert a synergistic effect in stubbornly refractive tumors. 156, 193, 212 Duska et al. used the F(abˊ)2 fragment of OC-125 conjugated to a cationic poly-lysine polymer that was modified with multiple chlorin e6 (Ce6) PS molecules. 194, 208 This PIC was assessed in 5 human cancer cell lines as well as 19 primary cultures obtained from solid tumors and ascites samples derived from platinum-responsive and platinum-resistant OvCa patients. Ex vivo viability studies using a combination of PICs with cisplatin demonstrated a potent 12.9-fold higher synergistic effect against platinum-resistant cells. 208 PICs have also been designed to target the tumor neovasculature to improve the selectivity of vascular PDT (vPDT), which is discussed in greater detail in the Manipulation at the macrophysoiologcial level section. Palumbo et al. employed a PIC called SIP(L19)-PS, which was composed of a porphyrin PS conjugated to an anti-L19 antibody. The PIC targeted the spliced extra-domain B of fibronectin in the small immune protein format, a marker of tumor angiogenesis (Figure 10 (A) ). 89, 207 This PIC selectively localized to tumor vessels in vivo and, upon irradiation, led to the complete eradication of a subcutaneous squamous cell carcinoma tumor at relatively low administered PS dosages. Figure 10 (B) shows the regression of the subcutaneous tumor up to 16 days following PDT. Interestingly, no tumor relapse was observed for up to 100 days after treatment. The authors confirmed the role of natural killer cells in the observed long-term response, as inhibition of the natural killer cells resulted in the poor retardation of tumor growth following PDT, eventually leading to disease progression. Finally the authors demonstrated the selective staining of vascular structures by the L19 antibody, amongst other vascular targeting antibodies, in normal skin and squamous cell carcinoma lesions extracted from patients. Occult, non-resectable drug-resistant micrometastases spread throughout the peritoneal cavity are widely responsible for treatment failure and disease relapse in OvCa. 11, 88 To tackle this challenge, Spring et al. enabled a further level of selectivity in the PIC platform, namely tumor cell activation. 11 Specifically this next generation PIC (Cet-BPD) was composed of the EGFR-specific chimeric antibody Cetuximab and the FDA-approved PS BPD (Figure 11 ). Overexpression of the EGFR has been observed in up to 70% of OvCa cases and is a biomarker for poor patient prognosis. This tumor-targeted and cell-activatable PIC relied on the static quenching of the BPD molecules whilst the PIC remained intact (OFF-state). 11 Following tumor cell binding, receptor-mediated endocytosis and subsequent intracellular endolysosomal degradation of the antibody, the BPD molecules were dequenched and activated (ON-state). This approach greatly simplifies dosimetry and helps reduce bowel toxicity, a major limitation to peritoneal PDT in the clinic. As the ultimate test for the PIC's tumor selectivity, a disseminated A B
Furthermore, a clinically used cisplatin/taxol combination produced only a modest 50% reduction in tumor burden after two rounds of chemotherapy, likely due to the chemoresistance of OvCa cells. In contrast, PDT using the Cet-BPD PIC resulted in 89% reduction in tumor burden. The combination of PIC-mediated PDT (1 cycle) with chemotherapy (1 cycle) resulted in an exceptional 97% reduction of peritoneal micrometastatic burden. In addition to full-length antibody PICs, PSs have been conjugated to various smaller antibody fragments. 194, [213] [214] [215] Single-domain antibodies (SDAs), are approximately 10-times smaller than full-length antibodies and thus, faster physiological clearance rates mean that SDA-PICs can reach maximal tumor-to-normal ratios faster than larger PICs. Heuker et al. functionalized two EGFR-targeting SDAs with a silicon phthalocynanine PS derivative (IRDye ® 700DX). 216 Both monovalent (non-internalizing) and biparatopic (internalizing) SDAs were derivatized with the PS to investigate the dependence of cellular internalization on efficacy. Selectivity of cellular uptake and phototoxicity was determined in four cell lines with varying EGFR expression levels. In phototoxicity studies, the biparatopic SDA-PIC was more potent, which is consistent with the general observation that intracellular PIC-mediated PDT is more effective. A phototoxicity study in a co-culture of 14C cells (high EGFR) and HeLa cells (low EGFR) using both SDA-PICs showed an EGFR-selective reduction in viability in the 14C cells. However, the rate of the phototoxicity of the biparatopic internalizing SDA-PIC was significantly higher than that of the monovalent non-internalizing SDAPICs. The field of PICs has shown tremendous promise in cancer therapy and diagnostics and there has been a marked rise in the number of PIC studies reporting their effectiveness as targeted molecular imaging probes and PS conjugates that are selective to the tumor and components of the tumor stroma. 184, 201, 205, 217, 218 However, the clinical translation of PICs has lagged behind their ADC counterparts. Other challenges in PIC such as stability, clearance, tumor penetration and toxicity are common to ADCs and biological therapeutics. Specifically for PDT, complex light dosimetry parameters need to be further tackled with novel PIC and agent delivery strategies. Nonethe-less, an active clinical trial supported by Aspyrian Therapeutics, Inc. TM is currently recruiting for EGFRselective PIT in patients with recurrent head and neck cancers. 219 Such exciting initiatives motivate a further drive in expanding PICs as precursors to targeted PNM formulations, whereby the long-standing preclinical efficacy of PIT is further advanced through nanotechnology.
Targeted nanotherapeutics as mediators for selectivity As discussed previously, nanocarriers that are passively targeted to tumor tissue hold significant benefits over the use of free pharmaceutical agents, particularly when the drug freely escape from the carrier or can exert its effecty whilst still encapsulated. However, many agents with intracellular targets are unable to diffuse across membranes freely. Conjugation of small molecules, peptides, or antibodies onto the carrier surface may potentiate cell-particle interactions, leading to enhanced uptake and intracellular accumulation of the drug. There is a wide variety of ligands used to target nanocarriers to cancer tissue, which includes folate, 220 RGD peptides, 221 full-length antibodies, 53 Fab' fragments, 222 and single domain antibodies. 223 Depending on the PKs of the nanoconstruct, it should be emphasized that ligand-targeted nanotherapeutics does not always improve drug delivery to the target site in comparison to untargeted nanocarriers, but has the benefit of facilitating selective cellular uptake to improve drug efficacy and treatment response. 53 However, nanoparticle targeting may also be achieved without the use of conjugated targeting ligands. For instance, liposomes carrying a positive surface charge are taken up specifically by angiogenic endothelial cells, and can thus be used to specifically target the tumor vasculature. [224] [225] [226] As cationic liposomes can interact with the cell membrane, it is thought that the distorted blood flow at the tumor site leads to shedding of the barrier-forming glycocalyx on endothelial cells and thus, increases the potential for liposome-cell membrane interaction. [225] [226] [227] Although a plethora of different cationic nanocarriers have shown potential as drug delivery systems, it is currently unclear whether all cationic nanoparticles exert selectivity for the tumor vasculature or whether this phenomenon is specific for liposomes. 227 In the field of PDT, targeted PNM formulations may be instrumental in achieving higher vascular selectivity of the treatment. As an advancement to PICs with the additional capacity to selectively deliver high payloads of coencapsulated secondary agents, targeted PNM formulations hold significant potential in future clinical applications of PDT. However, targeted nanocarriers for PDT have not been explored to a great extent. Targeted nanocarriers developed for PDT applications include gold, silica and polymeric nanoparticles functionalized with anti-HER2 antibodies, lectins (targeted to oncofetal glycans), anti-EGFR antibodies, folate molecules, a tumor vascular targeting F3 peptide and mannose. [228] [229] [230] [231] [232] [233] All these targeted PNM platforms have enabled selective cancer cell uptake and have enhanced the PDT efficacies ( Figure 12 ). With regards to liposomes, targeting of both hydrophobic and hydrophilic PSs has been explored with liposomal PSs conjugated to transferrin (sulfonated aluminum phthalocyanine), Uro-10 IgG antibodies (pyropheophorbide) and Cetuximab (BPD). [234] [235] [236] However, selective in vivo PDT using these targeted PNM formulations have yet to be fully investigated in vivo. The application of a BPD-containing liposomal formulation targeted to the neoangiogenic tumor vasculature by the conjugation of a custom APRPG peptide has been investigated in vivo. The results did not show enhanced tumor localization of BPD in comparison to non-targeted BPD-liposomes, yet targeted PDT yielded a 3-fold increase in efficacy. 237 The findings emphasize the importance of spatial control of damage and the necessity for targeted PNM formulations. With respect to theranostic applications of targeted PNM formulations, silica nanoparticles containing both gadolinium and the PS Ce6 that were targeted with mannose were successfully developed and tested in a rat glioma model. 238 Similarly, polyacrylamide nanoparticles with entrapped porfimer sodium and the MRI contrast agent iron oxide that were functionalized with the nucleolin-binding peptide F3. 239 The targeted nanoparticles were shown to substantially enhance the selectivity of PDT on human MBA-MB-435 breast cancer cells in vitro by more than 80%, comparted to therapy using non-targeted nanoparticles. Another interesting development in targeted PNM formulations is the progression of the aforementioned porphysome structure that was used primarily for PTT. 138 Jin el al. used folate-derivatized porphysomes, where the lipidated pyropheophorbide PS molecules that were 99.1% quenched became destabilized and dequenched following in vivo targeting. The targeted porphysomes bound to the folate-overexpressing KB tumors and subsequent cellular internalization resulted in the recovery of the lipidated PS's photoactivity. 233 Thus, targeting lead to effective PDT-mediated tumor photosensitization and a 6-fold inhibition in tumor grown, as compared to the non-targeted counterpart. Such exciting studies utilizing advanced PNM formulations for the targeted, tumor-specific induction of PDT are paving the way for further investigations in multiplexed PNM formulation-based combinatorial cancer therapy that will be discussed in the Enhancing combination therapies using photonanomedicine section.
Approaches to manipulate cancer tissue using photochemistry and nanotechnology Effects and manipulation at the molecular and cellular level In recent years, the biological responses of PDT have increasingly gained more attention. This information has led to a better understanding on the cell death mechanisms induced by various forms of PDT, as well the compensatory molecular phenomena that occur in the target tissue in its attempt to escape the treatment. It is becoming more evident that the most effective therapies for complicated cancers will involve multi-faceted combination treatments. Figure 13 is a conceptual diagram representing the mechanisms of RMS-mediated tumor damage induced by PDT and how the knowledge of pro-survival molecular pathways induced by an initial therapy can inform synergistic secondary treatment regimens to enhance the efficacy of PDT. Figure 13 . A conceptual depiction of the molecular responses to PDT and the rationale for mechanism-based combinations. PDT, like other mono-therapies, successfully kills a proportion of cancer cells while others survive. During the process of dying or injury, the cells mount a variety of pro-survival molecular responses that help the injured cells survive and the surviving cells proliferate. The figure gives only some examples of these pro-survival pathways/molecules that are secreted, upregulated or activated as a process of the "shock" of the PDT process. The pro-survival molecular responses elicited by the residual cancer cells following therapy require additional interventions, which can be intelligently co-delivered to the tumors using technologies such as theranostic PNM formulations. A strong, fundamental mechanistic justification for the selected combination maximizes the synergistic therapeutic effect, whist minimizing toxicities. Examples of pro-survival molecular responses targeted in combination therapy with PDT include c-MET/VEGFR-2 signaling using the inhibitor XL184, 51 EGFR signaling using the inhibitor erlotinib, 240 VEGF induction using a p38 MAPK inhibitor 241 and cyclooxygenase-2 (COX-2) induction using the inhibitor NS-389. 242 Numerous preclinical studies have already shown that PDT can synergize with chemotherapies and biological inhibitors, as well as re-sensitizing cancer cells to other therapeutic modalities. We strongly believe that designing PDT-based combination regimens that target multiple non-overlapping pathways, such that each component enhances the others, will most effectively improve the outcomes while minimizing systemic toxicities. In this 
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section, we will shortly review the cell death mechanisms induced by PDT, discuss the survival and growth strategies tumors engage to survive PDT, and how these mechanisms can be exploited to enhance the efficacy of anti-cancer treatments. This information will be of vital importance in the design and application of novel PNM formulations that can deliver mechanism-based combination therapies to synergistically improve treatment outcome. PS excitation leads to the production of highly oxidative RMS with short diffusion ranges. Specifically, 1 O2 has an area of action that is limited to a spherical radius of diffusion of 100 nm. 243 Thus, the PDT effect is highly dependent on the intracellular localization of the PS. 160 Hydrophobic PSs that reside within the lipid bilayer of the plasma membrane, for example porfimer sodium and phthalocyanines, 61 are capable of oxidizing unsaturated fatty acids within the membrane, causing lipid packing defects that may culminate in necrosis. PSs that localize at the mitochondria, such as BPD, 61 may do the same for the mitochondrial membranes, resulting in mitochondrial membrane permeabilization and the release of apoptogenic factors. 244 Moreover, the mitochondrial membranes are replete with anti-apoptotic BCL2-family proteins, which are oxidized by the PDT-produced RMS, resulting in their dysfunction and prolongation of the apoptotic pathway. 245 Other prominent intracellular PS accumulation sites are the endoplasmic reticulum (ER) and the Golgi-apparatus. 61 Following PDT, the damage to these organelles induces ER-stress, protein aggregation, uncoupling of the intracellular Ca 2+ homeostasis, and apoptosis via both mitochondrial-dependent and independent pathways. 246, 247 Lysosomal PSs exert their effects through lysosomal rupture, of which the released cathepsins are capable of relaying pro-apoptotic signaling, culminating in mitochondrial membrane permeabilization and apoptosis. 248, 249 However, when tumors are exposed to sublethal oxidative damage as a result of insufficient photosensitization or the inability of the excitation light to encompass the entire lesion, tumor cells activate coping mechanisms in their attempt to survive therapy. These survival mechanisms involve an antioxidant response, an inflammatory response, a hypoxic stress response, an immediate early response, and the ER-stress response, which have been elaborately reviewed. 247 With the available knowledge on the cellular biological and molecular mechanisms by which PDT exerts its therapeutic effects, attempts have been made to enhance the therapeutic efficacy by using biomodulatory approaches to increase intracellular PS levels and to use adjuvant agents that block the PDT-related survival mechanisms. As these approaches entail multiple agents that may all have variable toxicities and individual PK profiles, the co-encapsulation of these agents into single PNM formulations may bear significant therapeutic potential. For superficial tumors, PDT with the pro-PS ALA that is enzymatically converted into PpIX, is an effective treatment modality. Several biomodulatory approaches to increase the effect of ALA-PDT have focused on increasing PS accumulation in the tumor tissue. Vitamin D analogues calcitriol, cholecalciferol and calcipotriene have been shown to increase intracellular PpIX accumulation following ALA incubation, 250, 251 as a result of upregulated CCAAT enhancer binding protein β and coproporphyrinogen oxidase. 252 Similarly, methotraxate facilitates PpIX buildup in tumor cells by upregulating coproporphyrinogen oxidase and can exert additional chemotherapeutic effects by inhibiting DNA synthesis. 253 With these biomodulatory approaches, the intrinsic aberrant metabolic activity of tumor cells can be exploited using agents that are used clinically for a variety of pathologies. As both ALA and Vitamin D analogues are typically hydrophobic, their combined incorporation into a nanoparticle may be beneficial with respect to their plasma concentrations, PK behavior, cellular uptake, and synergistic effects on tumor photosensitization. With respect to survival pathway inhibition strategies, adjuvant therapies that prevent these survival pathways have yielded promising results. PDT's oxidative stress activates oxidation-sensitive activators of the NRF2 pathway that subsequently induces the transcription of genes that promote production of antioxidants such as glutathione. Hampering this antioxidant response using inhibitors of glutathione synthesis has been shown to be beneficial for the efficacy of PDT. 254, 255 With respect to hypoxia, the intratumoral depletion of oxygen is caused by its photochemical conversion into RMS, and is exacerbated by the vascular shutdown that ensues from PDT. The hypoxic tumor microenvironment activates hypoxia inducible factor 1, which stimulates anaerobic glycolysis, promotes angiogenesis and reduces sensitivity to cell death. 256 Interfering with these survival responses in combination with PDT has resulted in an enhancement of PDT efficacy in both in vitro and in vivo models of cancer. [257] [258] [259] [260] [261] In addition to the antioxidant and hypoxic stress responses, the ER-stress response is engaged as a result of massive protein oxidation and the consequential misfolding, unfolding and aggregation of the oxidized proteins. 247, 262, 263 Heat shock proteins and other chaperone proteins aid in the refolding or degradation of the oxidized polypeptides. Therefore, combining PDT with agents that prevent the execution of these chaperone-mediated survival mechanism have yielded promising results with respect to cell killing efficiency. [263] [264] [265] Studies during which PDT was combined with inhibitors of the inflammatory response and immediate early stress responses have yielded non-coherent results, potentially owing to the dichotomous functions of these signaling pathways with respect to cell survival and cell death. 247, [266] [267] [268] At a molecular biological level, it is important to emphasize that PDT and more conventional cancer therapeutics, such as chemotherapy and RTs, do not have overlapping mechanisms of cytotoxicity. Classic chemotherapeutic agents and radiotherapy rely on inflicting DNA damage that translates into an apoptotic pathway via the nucleus 269, 270 . In comparison, PDT may either cause direct by directly permeabilizing the plasma membrane of tumor cells, or by inducing apoptotic signaling via organelle damage. 244, 271, 272 Rizvi et al. have shown that ovarian spheroids treated with BPD-PDT were hypersensitized to carboplatin. 156 Similar results have been obtained with different PSs and chemotherapeutic agents, 155, 273, 274 underscoring that PDT and chemotherapy may act synergistically to eradicate tumor tissue more effectively. Several approved chemotherapeutic agents encompass molecular inhibitors of pro-survival pathways that have been implicated in cellular resistance to PDT, such as bortezomib, an inhibitor of the ER-stress response. The findings summarized herein underline the potential of combination therapies to synergistically enhance cancer treatment outcomes, which can be potentiated by the co-encapsulation of both phototherapeutic and chemotherapeutic compounds into singular nanoparticulate formulations. However, it must be noted that PNM formulations not only alter PK and biodistribution profiles of PSs, but also govern their intracellular fate. Thus, manipulating tumor tissue as informed by the cellular effects of PDT using a particular PS may not be as effective when the biomodulatory agent and the same PDT agent are co-encapsulated into a single PNM formulation.
Enhancing combination therapies using photonanomedicine Combination chemotherapy is the front line anti-cancer treatment regimen currently used in the clinic. 275 However, this approach based on the co-administration of two or more drugs, is far from ideal and suffers from varying bioavailability, PKs, bio-distribution and systemic toxicity. 276 These challenges have spurred the development of both organic and inorganic nanoparticles capable of delivering multiple chemotherapeutics and diagnostic agents. [276] [277] [278] These multi-agent delivery vehicles enable stoichiometric cargo loading, controlled delivery, prolonged circulation times and tumor targeting via the EPR effect. While these constructs have been reviewed elsewhere, here we focus on nanoparticle platforms that leverage light to employ mechanistically-informed therapeutic modalities at the 'right place and the right time'. As discussed in the Effects and manipulation at the molecular and cellular level section, drug resistance mechanisms and escape pathways are a major hurdle to maximizing the therapeutic effects of drugs. In an effort to tackle these challenges, Spring et al. recently developed a multi-agent platform termed a photoactivatable multi-inhibitor nanoliposome (PMIL). 51 The PMIL is based on a core-shell architecture where a lipid layer embedded with hydrophobic BPD PS molecules encases a PEG-PLGA nanoparticle that entraps a secondary hydrophobic multikinase inhibitor, XL184 (cabozantinib, Cometriq ® ). The water soluble block copolymer nanoparticles were physically entrapped in BPD-containing photoactive lipid bilayers, and possibly monolayers that are known to selfassemble onto PLGA nanoparticles. 279 The PMIL platform combines three complimentary treatment modalities: PDT, VEGFR-2 receptor inhibition and c-MET receptor inhibition to elicit the anti-vascular and anti-tumoral properties of PDT with the anti-angiogenic and anti-invasive effects of XL184. Upon NIR light illumination, PDT damages tumor cells and induces thrombotic cascades that ultimately lead to vascular occlusion. It is speculated that a macrophysiological effect, such as vascular occlusion, can lead to prolonged intratumoral retention of nanotherapeutics. The complex vascular effects of PDT and its specific role on the delivery of nanomedicines will be described in further detail in the Manipulation at the macrophysoiologcial level section. The PMIL was designed to shield XL184-containing nanoparticles by the photoactive lipid encapsulation, until photoirradiation of the BPD PS with 690 nm light disrupts the lipid layer and triggers controlled release of the XL184. Subsequent slow-release biodegradable nanoparticles, such as the PEG-PLGA particle encapsulating the XL184, can be chemically tuned to modulate the drug release kinetics and sustain tumor exposure to the agent, thus presenting an additional layer of complexity to combinatorial PNM formulations such as the PMIL. XL184 inhibits VEGFR-2 and c-MET signaling, thus suppressing several escape pathways that govern tumor angiogenesis, vascular regrowth, tumor cell invasion and metastatic escape. This synergistic three-way mode of action elicited by PMIL-based combinatorial PDT is summarized in Figure 14 . Figure 14 . Schematic representation of the three-way mode of action of photoactivatable multi-inhibitor nanoliposomes (PMIL). 51 In a subcutaneous mouse model of pancreatic cancer, combinatorial PDT using the PMIL reduced the mean tumor volume by 92% compared to the no-treatment control group, whilst the monotherapies and the co-administered same nanoformulations of BPD and XL184 packaged individually had no significant effect. Moreover, in an orthotopic metastatic pancreatic model, PMIL showed a reduction in microvascularity of the tumors and a 99% mean reduction in liver and retroperitoneal lymph node metastasis, with respect to the no-treatment control group. Interestingly the dosage of XL184 in the PMIL was 1000-fold lower than that used in standard oral preclinical regimens needed to achieve the same therapeutic efficacy. This increased drug potency underscores a substantial advantage of PNM formulations, considering the systemic toxicity of multi-kinase inhibitors like XL184. The light-assisted, controlled release of secondary agents such as XL184 from PNM formulations is critical to their improved tolerance. The improved efficacy of the PMIL is multi-factorial, owing to the fact that such PNM formulations improve bioavailability of therapeutics, increase tumor accumulation, prime and resensitize tumors to inhibitors through PDT and most importantly, provide a sophisticated platform for the spatiotemporal induction of multiple combined treatment regimes. In a complimentary approach to overcome PDT escape pathways mediated by VEGF, Tangutoori et al. aimed to neutralize intracellular VEGF prior to its secretion. 280 To realize this goal, a nanophotoactivatable liposome (nanoPAL) platform was developed. 280 This multi-agent vehicle was loaded with BPD embedded in the liposomal bilayer and the clinically-approved anti-VEGF monoclonal antibody, bevacizumab (Avastin ® ), encapsulated in the aqueous core, for the photo-triggered intracellular delivery. The synthesis parameters were rigorously optimized to preserve the antibody's biological activity, to maintain BPD in its monomeric photoactive state, to offer favorable payload release and to promote cellular uptake whilst limiting systemic toxicity though a moderate cationic surface charge. Figure 15 (A) shows the TEM images of the nanoPAL before and after PDT using 1 J/cm 2 of 690 nm light, which results in the destabilization of the spherical structure. Loss of liposomal integrity translates to the therapeutic phototriggered release of bevacizumab. In vitro studies using human pancreatic ductal adenocarcinoma cells (AsPC1) demonstrated that the integrated nanoPAL platform enhanced the cellular codelivery of fluorescently labeled bevacizumab and BPD, as compared to the co-incubation of the individual liposomal BPD formulation, Visudyne ® , and free bevacizumab. This trend was also observed in cytotoxicity studies in the same cell line, with nanoPAL eliciting 82% cell death relative to only 54% by the co-incubated independent agents upon light irradiation. Finally, in a subcutaneous AsPC1 xenograft model of pancreatic cancer, treatment with a co-administered regimen of independent Visudyne ® and bevacizumab agents only stabilized tumor growth. In contrast, co-administration through the nanoPAL platform induced extensive necrotic tumor damage and arrested tumor growth. Minimal regrowth of the tumor was observed through completion of the study at 35 days.
. In another rendition of the core-shell design, He et al. developed a multi-agent nanoparticle to deliver cisplatin and the PS pyropheophorbide ( Figure 15 (B) ). 281 The core was based on their previously established nanoscale coordination polymer (NCP) platform within which cisplatin was coordinated as a prodrug with Pt in the +IV oxidation state. The shell was composed of a lipid bilayer doped with a phospholipid-porphyrin amphiphile (pyrolipid), originally developed by Zheng and Lovell for the porphysome. 138, 283, 284 The self-assembled ~108 nm nanoparticle, termed NCP@pyrolipid, resulted in quenching of the lipidated porphyrin pyropheophorbide PS
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molecules. In vitro studies demonstrated that efficient uptake of NCP@pyrolipid within SQ20B head and neck cancer cells occurred within 1 hour and gradually destabilized after 2 hours, as indicated by an increase in PS fluorescence. The cytotoxicity of NCP@pyrolipid was tested in cisplatin-sensitive and cisplatin-resistant cell lines. The particle showed a potent synergistic action between PDT and cisplatin, reducing the IC50 values in the JSQ3 cisplatin-resistant head and neck cancer line from 13.33 μM using free cisplatin to 1.21 μM using NCP@pyrolipid PDT when irradiated at 690 nm. Encouraged by these in vitro studies, the authors investigated the NCP@pyrolipid efficacy in a cisplatin-resistant SQ20B subcutaneous xenograft mouse model. Combinatorial NCP@pyrolipid-PDT resulted in approximately 83% reduction in tumor volume, whilst controls including chemotherapy alone, PDT alone and NCP@pyrolipid without irradiation did not result in any tumor regression at the administered dose. An elegant micellar construct called Nanoporphyrin (NP) was introduced by Li et al. as an 'all-in-one' theranostic platform (Figure 15 (C) ). 282 NP were based on linear PEG chains and a dendritic oligomer composed of the PS pyropheophorbide a and cholic acid. To improve stability in the blood, NPs were further stabilized by disulfide cross-linking. The incorporation of the PS within the delivery vehicle itself lies at the core of the NP design. The PS is quenched in the NP and activated upon NP dissociation via light activation and disulfide reduction in the tumor microenvironment, thus reducing non-specific off-target phototoxicity. Irradiation of the PS with NIR light generated RMS and localized thermalization to induce both PDT and PTT therapeutic modalities, respectively. Further, doxorubicin was also loaded into the hydrophobic core of the cross-linked NPs. 285 This was achieved by using two gates that trapped the cargo in the MSN pores, and opened upon either UV-light exposure or a decrease in pH levels. The switch mechanism was based on binding between α-cyclodextrin with phenyl groups (pH responsive) and β-cyclodextrin with azobenzene groups (UV-responsive). The controlled dual-delivery was demonstrated with fluorescent dyes and the anti-cancer drugs octreotide acetate and epirubicin. Octreotide acetate elicits its cytotoxicity by binding to somatostatin receptors on the cell surface while epirubicin blocks DNA/RNA machinery in the nucleus. Cell viability assays using A549 cells demonstrated maximal efficacy of the dual-drug loaded MSNs with both UV and pH-activation, compared to either trigger alone. While this proof of concept study is encouraging, the applicability of UV light for deep tissue photoactivation is limited and potential long-term toxicity issues related to MSN administration need to be fully investigated.
Manipulation at the macrophysoiologcial level As discussed earlier in the Tailoring tumor physiology to nanomedicines using photochemistry section, low-dose vascular PDT (vPDT) can be used to enhance the delivery of nanomedicines by expanding the tumor vascular fenestrae, and thus further enhance the EPR effect. Within the context of therapeutic PDT tissue damage, the antitumor mechanisms of photochemistry include damaging the pathological vasculature, in addition to the aforementioned direct tumor cell insults. 286 vPDT relies on the preferential accumulation of the PS in the neovasculature over the tumor and is characterized by a short PS-light interval in its application, as shown in Figure 16 . 147, 286-289 Figure 16 . A Schematic representation of passive and active vascular PDT (vPDT). 286 Passive vPDT relies on the PS's inherent pharmacological ability to preferntially accumulate in the tumor vasculature while active vPDT leverages a tumor vascular homing ligand chemically conjugated to the PS or PS loaded nanoparticle. (Reproduced with permission of Begell House Inc. Publishers Chen et al. 286 Critical reviews in eukaryotic gene expression via the Copyright Clearance Center.)
High-dose vPDT causes thrombus formation, vasoconstriction, occlusion and decreased blood perfusion, whilst low-dose vPDT can be used to enhance vascular permeability. The most well known clinical application of highdose vPDT has been for treating AMD with Visudyne ® . 290, 291 In the anti-cancer arena TOOKAD has been widely studied as an intravascular PS for recurrent prostate cancer. 147, 292 vPDT can be achieved by either passive or active targeting. The former relies on the PK properties of the PS or the PNM formulation to preferentially accumulate in tumor vasculature within a specific time-period following intravenous injection, thus providing a therapeutic window. 287, 293, 294 Active targeting involves the conjugation of vasculature-specific ligands that selectively bind to proteins such as VEGFRs and integrins. 286, 295 In this section, nanoparticle-assisted vPDT by both passive and active targeting strategies will be the focus. Different nanoparticle formulations used to deliver the same PS can result in cellular PDT, vPDT or a combination of both. In a study by Garcia-Diaz et al., the PS temocene was delivered in three formats: micellar, liposomal and free form. 296 In vivo studies were performed as either vascular or cellular PDT using a 15 minute or 24 hour PSlight interval, respectively. Interestingly, the most effective treatment was observed in the case of temocene delivered in micelles with a short PS-light interval through vPDT, whilst liposmal temocene was more potent with the longer PS-light interval inducing cellular PDT. The Russell group developed surface functionalized gold nanoparticles with a zinc phthalocyanine-based PS. 297 PDT efficacy studies in a murine model of amelanotic melanoma were performed with a PS-light interval of 3 hours and 24 hours following injection of the nanoparticles, which correspond to the highest accumulation time points in the serum and the tumor, respectively. A delay in tumor regrowth was observed in the shorter interval treatment regimen, implying a more vPDT-based mechanism of action. This was conclusively demonstrated with electron microscopy images of tumor tissues that showed extensive capillary damage and leakage of erythrocytes. Active targeting of nanoparticles to the tumor vasculature with peptide ligands is a promising complimentary strategy. 232, 295 A landmark study by Reddy et al. used Photofrin ® encapsulated in polyacrylamide particles functionalized with the vascular homing, 31 residue F3 peptide. 232 The F3 peptide binds to the cell surface protein nucleolin, which is a marker for angiogenic endothelial cells in the tumor vasculature. Guided by MRI imaging through the integration of iron oxide within the PNM formulation, PDT treatment demonstrated higher survival rates in glioma-bearing rats treated with the targeted nanoparticles, as compared to non-targeted particles or unencapsulated Photofrin ® . Recently, Bechet et al. developed a hybrid silica-based nanoparticle with encapsulated gadolinium oxide for MRI imaging and a chlorin PS for PDT. 298, 299 These ultra-small particles, approximately 2.8 nm in diameter, were surface-functionalized with a short peptide sequence (ATWLPPR) that targets tumor vasculature by binding to the VEGF receptor neuropilin-1 (NRP-1). 300, 301 Following in vitro validation of NRP-1 targeting and phototoxicity, the multi-functional particles were used to treat glioblastoma multiforme in an orthotopic rat model. MRI imaging of the tumor tissue allowed real-time stereotactic interstitial PDT. Interestingly, the particles localized to the proliferating angiogenic endothelial cells lining the neovessels in the tumor periphery. Following interstitial PDT, multiple non-invasive imaging modalities such as perfusion MRI, proton magnetic resonance spectroscopy and PET-CT were employed to monitor the tumor status. Reduced blood perfusion rates, increased fatty acid production, as well as histological demonstration of vascular disruption and edema, proved a potent in vivo PDT effect.
As with most treatment modalities, more than one mode of action that unite and complement each other can provide significantly improved therapeutic outcomes. A unique advantage of PDT, and subsequent advanced PNM formulations developed thereof, that distinguish them from single modality treatment regimens, is thier capacity for high spatiotemporal control over treatment induction, and therefore, mechanism of action. The combined effect of vascular and cellular PDT damage has thus far been achieved through the optimized PS-light interval; however, PNM formulations targeted towards both cellular and vascular tumor components further promise to enhance selectivity and control over PDT action.
Summary and Prospective
Nanomedicine has progressed significantly in recent years because of the high surface area-to-volume ratio of nanoconstructs, their capacity for enhanced site-specific targeting, their capability for cell membrane internalization and their significant biocompatibility following breakthroughs in appropriate surface modifications. Numerous soft nanoconstructs have shown great promise for improving drug stability, altering PK and PD profiles, reducing systemic toxicity, and increasing drug concentrations at tumor site, while many are already approved for human clinical use. These soft nanoconstructs can be relatively easily modified with small photosensitizing molecules adding new functionality to existing FDA-approved nanomedicines. Exciting progress of inorganic 'hard' nanomedicines is promising in preclinical studies and clinical trials as therapeutics, whilst few are granted for medical imaging applications in humans. Many of these hard nanomedicines may already possess unique photoresponsive properties (e.g. the surface plasmon resonance properties of gold nanoconstructs) and have be intelligently combined with photosensitizing molecules. In addition to their photochemical therapeutic effects, these hard nanoparticles can image disease tissues via multiple non-invasive and minimally-invasive imaging methods, such as photoacoustic imaging, CT imaging and florescence imaging. These emerging imaging techniques have the potential to aid early diagnostics and treatment regimens with potential applications in detecting early-stage cancer, as well as in guiding drug delivery, light dosimetry, and even surgery. The ability to use photoactive nanomedicines as theranostic contrast agents has attracted increased attention, as they can be overcome common drawbacks such as weak photostability, low sensitivity and physiological compatibility that are associated with traditional contrast agents. In summary, the substantial chemical and optical advances in nanotechnology has led to a paradigm shift in the field of photomedicine. Although one of the early-approved nanotherapeutics was a PNM formulation (Visudyne ® ), there are relatively few PNM formulations for cancer in clinical studies compared to the number of PNM-related publications. In principle, these promising preclinical PNM formulations possess the ability to image malignant tissues and spatiotemporally control the release of chemical and biological therapeutic payloads, resensitizing tumor to the agents which they ultimately synergize with. Furthermore, the pre-clinical PNM formulations can also modulate tumor microenvironments to enhanced tumor delivery of drugs and nanoparticles. Much of this potential remains to be realized in complex systems prior to clinical translation but does offer exciting opportunities to further advance cancer theranostics. The true clinical impact of these advanced optical nanoplatforms is expected in the coming decade as the convergence in the scientific and medical understanding of photomedicine and nanotechnology ultimately realizes the niche potential for such state-of-the-art PNM formulations.
